Two-phase flow nozzles are used in the total flow system of geothermal power plants and in the ejector of the refrigeration cycle, etc. One of the most important functions of the two-phase flow nozzle is converting two-phase flow thermal energy into kinetic energy. The kinetic energy of the two-phase flow exhausted from a nozzle is available for all applications of this type. In the case of non-best fitting expansion conditions, when the operation conditions of the supersonic nozzle are widely chosen, there exist shock waves or expansion waves at the outlet of the nozzle. Those waves affect largely the energy conversion efficiency of the two-phase flow nozzle. The purpose of the present study is to elucidate character of the expansion waves at the outlet of the supersonic two-phase flow nozzle. High-pressure hot water blowdown experiments have been carried out. The decompression curves of the expansion waves are measured by changing the flowrate in the nozzle and inlet temperature of the hot water. The back pressures of the nozzle are also changed in those experiments. The expansion angles of the two-phase flow flushed out from the nozzle are measured by means of the photograph. The experimental results show that the decompression curves are different from those predicted by the isentropic homogeneous two-phase flow theory. The regions where the expansion waves occur become wide due to the increased outlet speed of the two-phase flow. The qualitative dependency of this expansion character is the same as the isentropic homogeneous flow, but the values obtained from the experiments are quite different. When the back pressure of the nozzle is higher, these regions do not become small in spite of the supersonic two-phase flow. This means that the disturbance in the downstream propagates to the upstream. It is shown by the present experiments that the expansion waves in the supersonic two-phase flow of water have a subsonic feature. The measured expansion angles become larger with increasing flowrate of the two-phase flow and decreasing back pressures.
Introduction
The most important function of high-speed two-phase flow nozzle is converting the thermal energy of working fluid to the kinetic energy of two-phase flow. Those two-phase flow nozzles are used in the total flow system [1] for geothermal power plants and in the two-phase ejector [2] applied in the refrigeration cycle. The sound velocity in those nozzles is very low, so the two-phase flow is needed to be accelerated up to supersonic state. As the energy conversion efficiency of the nozzle is also too low because of the transportation process peculiar to the two-phase flow, we have studied the improvement of the energy conversion efficiency of the nozzle [3] . When we use the kinetic energy of the two-phase flow flushing out from 2007 a nozzle, it will be necessary to control the occurrence of the shock wave and the expansion wave of the two-phase flow and to design a nozzle which can work at any state. In particular, the mixing process of the flushing two-phase flow with suctioned vapor in the mixing section of the two-phase ejector adapted to the refrigeration cycle is expected to be elucidated. There are some studies that treat the expansion wave of one-dimensional two-phase flow with phase change, but there are few that consider the expansion wave of the two-dimensional two-phase flow.
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In this study, the expansion waves at the nozzle outlet and flushing-out two-phase flow are investigated with changing backpressure and mass flux. The nozzle and the expansion chamber are made visible in order to observe an expansion phenomenon at the nozzle outlet. 
Prandtl-Meyer expansion wave of the homogeneous equilibrium two-phase flow
Two-phase flow at the nozzle outlet is a non-equilibrium flow by nature. And it is a very complex phenomenon. For simplicity, we assume the two-phase flow is in equilibrium. The homogeneous equilibrium theory is valid when the particle size is extremely small, and the phase change and density change of the two-phase flow are also included in this theory. The experimental result will be compared with that of the present theory in the following sections. In order to examine an expansion phenomenon at the nozzle outlet in detail, a twodimensional nozzle which is shown in Fig. 1 was used in the experiment. An expansion wave is generated only at one side corner of the nozzle outlet, and another side has no corner and has a shape of a line extended out of the nozzle. The supersonic two-phase flow accelerated in the nozzle goes around the corner to generate expansion waves. An expansion phenomenon at the outlet of the nozzle is determined by the characteristics of the expansion wave. Although the finite width of the channel and reflection of the wave at the opposite side of the wall may be considered for the configuration of the actual experimental device, the situation outlet in Fig. 1 is simplified to the corner in semi-infinite fluid shown on Fig. 2 . A new Prandtl-Meyer expansion wave theory for a homogeneous equilibrium two-phase flow is deduced in this section. The experimental results will be compared with the theory in the following sections. The diameter of the dispersed droplet is very small in the homogeneous equilibrium flow, so the gas and liquid move at the same speed u. Then, the average density of the two-phase flow ρ is a function only of quality x and equilibrium temperature T . The mean density ρ is expressed through the densities of the each pure phases ρ g and ρ l in the equation
The governing equations, that is continuity, momentum, and energy equations for the two-phase flow, are expressed as follows:
which have the same form as those of gas dynamics. But different points are that density ρ is the mean density of the two-phase flow, and that the specific enthalpy, h, of the two-phase flow is a function of quality x and temperature T . In the case of a Prandtl-Meyer expansion wave, the speed is a function only of the turn angle, θ, so the velocity potential can be written as :
Since an expansion phenomenon is expressed by means of isentropic relations, the denstiy is related to the pressure.The following equation is obtained from the continuity and momentum equations.
The equilibrium sound speed of the two-phase flow (∂p/∂ρ) s is calculated for the function of quality and temperature via the next equation:
where
The energy equation is re-written as follows:
From Eq.(8) and the isentropic change relations, the quality x and temperature T can be found through f . Therefore, Eq. (5) shows that f is a function of f . All state quantities during expansion process can be calculated by integrating from initial conditions when the flow velocity and the speed of sound are known.
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Experimental devices and method
The nozzle used in this experiment and the position of the pressure taps set for pressure survey are shown in Fig. 3 . The nozzle plate of stainless steel (SUS304) of thickness 3 mm is made by a wire electric discharge machine. The convergent-divergent nozzle which has the rectangular channel was made being held on between two polycarbonate plates. After the nozzle outlet, the nozzle shape extends to one side to measure an expansion wave. The nozzle has the following dimensions: the throat is 1.73 mm in height, the height of the outlet is 11.58 mm, and the length of the divergent part is 40 mm. The expansion chamber is wide enough, so that the initial expansion waves do not interfere with the reflected waves. Cr-Ar thermocouples are inserted into the pressure taps. We calculated the saturated pressure from the temperature measured by the thermocouple, and obtained the static pressure of the twophase flow. This principle of measurement is shown in [6] . The pressure taps are set up in the nozzle along the flow direction and in the expansion chamber along the extending wall. The experimental device which supplies heated water of high temperature and pressure to the nozzle is shown in Fig. 4 . The experimental device consists of a high-pressure tank, a nozzle, a condensation tank, and data-measurement part. The water accumulated in the highpressure tank is heated by the heater inside the tank. The heated water is made homogeneous by expelling remaining air and stirring several times. The water is pressurized by nitrogen gas, and is passed through the pipe under the tank to the nozzle. The water has decompression boiling and expansion acceleration in the nozzle and becomes a high-speed two-phase flow, and flows out to the expansion chamber. The back pressure is adjusted using the throttle valve installed in the pipe after the expansion chamber, and the flow rate in the nozzle is measured using a level instrument installed in the high-pressure tank. The condition for the experiment
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is as follows: nozzle inlet temperature is from 130 to 140
• C, inlet pressure ranges from 0.2 to 0.6 MPa, flow velocity at the throat varies from 10 to 40 m/s, and back pressure is from 0.1 to 0.2 MPa.
The decompression characteristics of the expansion wave
The decompression characteristics at the outlet of the supersonic two-phase flow nozzle were obtained by measuring the static pressure at the wall of the nozzle outlet on the side which does not have a corner. The expansion wave from the corner at one side wall is incident onto the other side wall, and the pressure at the other side wall decreases gradually. These decompression characteristics were examined in experiments changing the flow velocity, back pressure, and inlet temperature.
A decompression characteristic in the case of changing mass flux
Fig . 5 shows the decompression characteristics of the expansion wave of a supersonic two-phase flow when the back pressure is kept equal to an atmospheric pressure and the mass flux is changed. The temperature of the subcooled water at the nozzle inlet is kept at 130
• C.
With the pressure in the high-pressure tank being raised, the speed at the nozzle outlet grows higher. The throat mass flux which is the product of the water flow velocity and density at the throat is shown in Fig. 5 . At high flow speed, an expansion process opens up; an expansion wave expands far and wide. To show this intelligibly, a decompression curve is obtained dividing the difference between the start point and the end point in a non-dimensional form in Fig. 6 . It is clarified that when the outlet flow speed gets fast and Mach number increases, the expansion region of the expansion wave becomes wide. Fig. 7 shows the calculated decompression curve of the Prandtl-Meyer expansion wave of the equilibrium two-phase flow at the nozzle outlet. In the calculation, the nozzle shape and the inlet temperature are the same as in the experiment. At the same nozzle inlet pressure as 2007 in the experiment, the flow speed at the nozzle outlet becomes too fast and the pressure at the nozzle outlet changes greatly. And so, it was impossible to predict the absolute value of the pressure by the equilibrium theory. In the real nozzle, the two-phase flow is not accelerated so fast as in the theory because of a non-equilibrium phenomenon. In the previous research [7] , a nozzle acceleration efficiency of about 40 % was obtained. For comparison, the flow rate is set so that the outlet pressure is the same as the experimental value. In the equilibrium theory, the constant pressure part continues considerably long. This part is the state before reaching the front-line expansion wave determined by Mach number, shown on Fig. 1 . When there is much flow rate, in the experiment of Fig. 6 , a slightly flat part seems to appear. This part may shorten because the flow speed is low in the experiment in comparison with the theory, and Mach number for the experiment may be nearly 1.
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The decompression curve of the equilibrium theory on Fig. 7 has a concave shape. But in the experiment, the area of the convex shape tends to increase when the flow rate is rising. This seems to be a peculiar characteristic of a non-equilibrium two-phase flow phenomenon, but a specific theoretical analysis will be needed. Fig. 8 shows the pressure distribution when the inlet temperature and mass flux are kept at 130
A decompression characteristic in the case of changing back pressure
• C and 1.79×10 4 kg/m 2 s, respectively, and the back pressure is changed from atmospheric pressure to just below-nozzle-outlet pressure. The back pressure increasing is shown in the figure in order •, and . The pressure of the expansion area which gradually comes down apart from the nozzle outlet rises up in all points along with the elevation of the back pressure. To show characteristic features of the expansion curve clearly, a decompression curve shown in Fig. 9 is obtained by dividing the pressure difference between the start point and the end point to get a non-dimensional form in the same way as in the foregoing subsection. All non-dimensional expansion curves of different backpressures develop into one unique curve. The size of the expansion area shows no dependence on the back pressure. The theoretical solution of the Prandtl-Meyer expansion wave of the equilibrium twophase flow predicts that the pressure decreases along the same decompression curve for the same inlet condition. When the back pressure comes down, the end point of the expansion extends only in length. As the flow in the expansion area is supersonic, change in the backpressure can not affect the upstream condition. Thus, by the equilibrium theory, decreasing in backpressure implies increasing in the expansion area. Fig. 10 shows a theoretical decompression pressure non-dimensionalized by the pressure difference. It is a natural result that the decompression area expands with decreasing backpressure because the pressure traces the same curve. On the other hand, the experimental results shown in Fig. 9 exhibit that the In one-component two-phase flow of water and steam, the density of gas phase is smaller than that of liquid phase, and gas can easily be accelerated compared to liquid. As a result, there exists velocity difference between the gas and liquid. For this, the process of the momentum transport gives large effect on the characteristics of the flow. There are two kinds of sound speed to characterize the flow in the two-phase nozzle [7] . One is momentum equilibrium sound speed and the other is frozen sound speed. The outlet speed of the two-phase flow predicted by the equilibrium theory is about 100 m/s for the inlet temperature of 130
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• C. The equilibrium soundspeed is 72 m/s [7] at the nozzle outlet condition, while the nonequilibrium soundspeed, when neither phase change nor momentum transport occurs, is about 300 m/s, which almost equals to the soundspeed of the steam. The velocity of the flow flushed out from the nozzle is faster than the equilibrium sound speed and slower than the frozen sound speed in the range of this experiment. It can be concluded that this two-phase flow has a characteristic of subsonic flow affected by the backpressure because this supersonic two-phase flow is governed by the frozen sound speed [7] . But it is necessary for the characteristics of the two-phase expansion wave to be confirmed by the solution of the two-dimensional theory of the non-equilibrium two-phase flow.
Dependency of the decompression characteristics on the nozzle inlet temperatures
Experiments similar to ones shown in the previous subsection are carried out at a nozzle inlet temperature of 140
• C to check the dependency on the nozzle inlet temperature. Fig.   11 shows decompression curves that are non-dimensionalized by pressure difference. The decompression area expands with increasing mass flux, as in Fig. 6 . The decompression curves have a concave shape at low velocity, and they change to a convex shape with increasing velocity. Although an experiment at a temperature higher than 140
• C cannot be carried out due to limitation of the maximum allowable pressure of the high-pressure tank, the temperature change seams to have negligible effect. 
The expansion angle of the two-phase flow flushing out from the nozzle
The expansion wave at the outlet of a supersonic nozzle has close relation to the expansion angle of the flushing-out flow. The turn angle at the corner determines the expansion area and final expansion pressure of the expansion wave in the Prandtl-Meyer expansion fan of Fig.  2 . In the experiment, the turn angle of the corner at the outlet is constant, 83 degrees, but the backpressure is changed to correspond to the final pressure. And the turn angle is determined as the final pressure equals the backpressure. In fact, there exists a triangular dead water zone (an area where the steam circulates through) there. The turn angle of the flow is determined by subtracting the vertex angle of this triangle from the real turn angle of the wall. To the left on Figs. 13 (a) and (b) , the photographs are shown taken by the scattering light when the back pressure is respectively higher and lower. With rising backpressure, the expansion angle decreases and the triangular dead water region expands. The expansion angle can be defined 2007 in these photos as the two-phase flow spreads in a linear shape. The border of the flushing two-phase flow is not so clear, but its contour is defined by the line between the transparent and white cloudy domains, as shown on Fig. 13. (a) at low back pressure (b) at high back pressure To the right on Fig. 13 , the expansion angle α is shown, through which the two-phase flow bends over the corner. Fig. 14 shows this expansion angle α with the ratio of back-to outlet pressures on the x-axis. The symbols •, and are the results of different mass flow rates. The expansion angle of the flushing two-phase flow changes almost linearly with the ratio of the back-to outlet pressures. At high velocity at the nozzle outlet, the expansion angle approaches zero as the pressure ratio goes to unit. But, for low outlet velocity, the expansion angle does not get zero as the pressure ratio grows to unit. This result comes from the fact that flushing two-phase flow tends to expand even for optimum expansion condition. The conclusion is obtained that the higher the outlet velocity is, the more the expansion angle of the flow increases. Fig. 14 shows the expansion angle in dotted line, which is calculated from the PrandtlMeyer expansion wave of the two-phase homogeneous equilibrium theory derived in the sec- 2007 tion 2. The calculated result that changes linearly to the pressure ratio corresponds with the experiment. Although, as described previously, the absolute value of the expansion pressure is different from that of the experiment, the fact that the expansion angle increases linearly with the mass flux is the same as in the experiment. As non-equilibrium phenomena exist in these two-phase flows, the experimental value needs to be compared with the theoretical one which takes into account the non-equilibrium of the momentum, temperature, and phase change.
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Conclusion
The characteristics of the expansion waves which occur at the outlet of a supersonic twophase flow nozzle are studied in the experiments of a one-component two-phase flow of heated water. Being compared with the derived theory of the equilibrium homogeneous two-phase flow, we have obtained the following conclusions:
( 1 ) The decompression area of the expansion waves occuring at the corner of the nozzle outlet expands with the increasing velocity at the nozzle outlet. This tendency corresponds to the prediction of the Prandtl-Meyer expansion wave theory of homogeneous equilibrium twophase flow. But the absolute values of the pressure in the decompression cannot be predicted by the theory because there are non-equilibrium phenomena in those two-phase flows.
( 2 ) The decompression area does not change when the back pressure of the nozzle is raised. The non-dimensional decompression curves are expressed by one curve.
( 3 ) The result (2) implies that changes in the back pressure can propagate upstream through the expansion waves. This means that the non-equilibrium expansion waves which take place in one-component two-phase flow have a subsonic property.
( 4 ) The expansion angle of the flushing two-phase flow obtained in the experiment becomes small with increasing back pressure and large with the rising velocity at the nozzle outlet. The tendency agrees with the prediction of the expansion wave of the homogeneous equilibrium two-phase flow.
